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A prebored pressuremeter test (PMT) requires a predrilled vertical smooth surface borehole of a constant diameter. Two methods for the
preparation of predrilled boreholes are included in ASTM D4719. The ﬁrst method is drilling a borehole using a rotary rig. While this method
provides a constant diameter and a vertical borehole, it is costly and time consuming. The second method is the drilling of a borehole by a hand
auger (Iwan type). While this is a low cost, rapid method, it may not provide a vertical borehole of constant diameter in a variety of soils.
An innovative mechanical drilling system (MDS) has been developed for the preparation of vertical smooth surface borehole of constant
diameter for the pressuremeter testing. The PMT was conducted in boreholes drilled by MDS, rotary rig (RR) and hand auger (HA) at a site that
comprised clayey silt (CL-ML) and sandy silt (ML) deposits. The PMT curves thus obtained were compared in terms of quality, cost and time.
The comparison indicates that good quality and cost effective PMT curves can be obtained by using MDS in broader strain range (up to 40%) for
the stiffness and limit pressure determination.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Pressuremeter tests are conducted in prebored boreholes to
obtain pressuremeter curves when the wall of the borehole is
stressed radially by an expandable membrane. Since a good
quality borehole is required to obtain a good quality test curve in
prebored pressuremeter testing, the borehole should be shaped
carefully (Suyama et al., 1982; Briaud and Gambin, 1984; Amar
et al., 1991; Clarke, 1995; Bowles, 1996; Clarke and Gambin3 The Japanese Geotechnical Society. Production and hosting by
10.1016/j.sandf.2013.10.009
g author.
sses: 978.xyz@gmail.com (Z. Masoud),
ail.com (A.H. Khan).
der responsibility of The Japanese Geotechnical Society.1998; Tarnawsky, 2004). The pressuremeter test should be
performed within 15 min after the borehole preparation for a
quality test curve (Mair and Wood, 1987). The less the magnitude
of the scatter in the test points, the higher the quality of the test
curve of the prebored pressuremeter test (ASTM, 2000).
Two conditions are necessary for the preparation of a
borehole to conduct the pre-bored pressuremeter test and to
obtain a good quality test curve (ASTM, 2000):(a)ElseThe diameter should be in accordance with the tolerances
speciﬁed for the pre-drilling of a borehole for pressure-
meter test. The test cavity, or the borehole, should meet the
condition of 1.03DoDHo1.20D, where D is the diameter
of the probe and DH is the diameter of the borehole.(b) To stress the undisturbed strata of the wall of the borehole, the
equipment and the method adopted for drilling should cause
minimum disturbance to the wall.vier B.V. All rights reserved.
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Fig. 1. Mechanical drilling system (MDS).the diameter, DH of the test cavity should be as constant as
possible. If DH varies signiﬁcantly along the length of the
probe or if the drilled borehole is non-cylindrical, the quality
of the test will be much affected (ASTM, 2000).
Boreholes can be prepared by the hand auger method up to
5 m in depth (Clarke, 1995). According to ASTM D4719, a
hand auger is recommended for the drilling of shallow bore-
holes up to a maximum depth of 6 m in clayey soil (ﬁrm to
stiff), silty soils (above ground water level, GWL), sandy soils
(loose and above GWL) and sandy soils (medium to dense).
When a borehole is drilled with a drilling rig, the vibration
or eccentric loading of the moving bit may disturb the wall of
the borehole (Clarke, 1995). The cost of drilling by rotary rig
is higher than with hand augering. Signiﬁcantly more is time
required for the transportation of the rig, setting, point to point
shifting and drilling than with hand augering.
The inclination of the borehole is a critical factor before
conducting the pressuremeter test (Clarke, 1995). During hand
augering, the resultant borehole may not be regular in diameter
and verticality. Bursts of membrane may occur into large
cavities due to irregular drilling. This problem is likely to arise
in soft clay and loose sand. The drilling of a good borehole in
soft clay and very loose sand is a particularly difﬁcult task
(ASTM, 2000).
A low cost drilling system has been developed to achieve
the cost effectiveness of the hand augering method and an even
better level of precision than that of the rotary drilling rig in
terms of constant diameter and verticality for the measurement
of shear modulus and to limit pressure more reliably.
2. Salient features of mechanical drilling system (MDS)
The main targets in developing the Mechanical Drilling
System are achieving verticality and maintaining a constant
diameter during drilling. Fig. 1 shows a pictorial view of the
drilling system developed.
The MDS was developed on the basis of the operation of a
rotary drilling rig. The base plate and the rods (ﬁxed in jaws)
are at right angles to each other. A wheel applies the torque
manually, resulting in the rotation of the rods which are
attached in the jaws of the assembly. The upper end of the
hollow pipe is attached with a static weight pan and the lower
end is attached to the jaws assembly.
A gear assembly has been incorporated to increase the
output of the applied force. Two guiding rods ensure the
vertical movement of the hollow pipe and eliminate the effect
of the eccentric loading of the static weights placed in the pan.
The head contains two toothed rings. One is attached to the
shaft of the gear assembly and the other is attached with the
hollow pipe. Hence, the applied force from the wheel is
transferred to the hollow pipe for the rotation of the drill rod.
The jaws assembly provides the facility to ﬁx the drill rods
in position. A sliding assembly was attached to the base plate
of the system to incorporate the sliding facility for the to and
fro motion of the system for the attachment and removal of thesamplers from rods before and after drilling, respectively. The
sliding assembly provides facility to remove the sample from
the sampler easily and protects the sample from falling into the
borehole.
A static weight pan is a special feature of this system. The
static weights are placed on the pan to increase the penetration
force during drilling in stiff clay or dense sand. It is necessary
to place the weights concentrically on the pan to avoid
eccentricity. The rods are added or removed by pulling up
with the conventional rope and pulley system attached to the
light weight tripod.
Slotted and helical type samplers were fabricated to drill the
boreholes of 48.2 mm diameter. These samplers attached to the
MDS are shown in Figs. 2 and 3.3. The MDS operation
The MDS was placed at the test location such that the centre
of the jaws assembly was exactly above the location of the
borehole. The MDS was leveled at the site by placing the
leveler on the base plate for horizontal leveling, which also
results in the vertical leveling of the hollow pipe. A drill rod
1 m in length was inserted in the static weight pan into the
hollow pipe. Auger attached at the lower end of the drill rod
was put on the borehole location and the drill rod was
tightened in the jaws assembly.
Torque was applied through the wheel in a clockwise
direction to rotate the drill rod. Suitable static weights were
placed on the weight pan to increase the rate of penetration of
the auger.
Refusal in penetration during drilling showed the ﬁlling of the
auger sampler with soil. Together with the sampler, the rods
were pulled up by the rope and pulley system attached to the
tripod. When the sampler containing the soil sample reached the
ground surface, the MDS was moved back manually in a
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Fig. 2. Slotted type sampler.
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was removed from the drill rod and the sample was removed
from it. The sampler was again ﬁxed to drill rod for further
drilling. In this way, each borehole was drilled up to 10 m
depth. Pictorial views of the borehole drilled by the MDS are
shown in Figs. 4 and 5. The constant diameter and smooth
surface of the borehole is evident from Figs. 4 and 5.4. Methodology
A site comprising alluvial soils was selected at 18 km
Multan Road, Lahore, Pakistan for this study. Fig. 6 showsthe plan of a typical group of test points at the site. Boreholes
were drilled to 10 m depth using the MDS, rotary rig (RR) and
the hand auger (HA) techniques. In order to ensure repeat-
ability and reproducibility of the pressuremeter testing data,
ﬁve groups of similar test points were undertaken. The ground
water table was not encountered within a depth of 10 m.
The drilling of the boreholes using the MDS has been
explained above. The drilling of boreholes using HA was
carried out according to ASTM D4719. When drilling with
RR, a rig attached with a specially designed 48.2 mm diameter
roller bit (ASTM D4719) with an average speed of 50 rpm was
used. High viscosity bentonite mud was used to remove
cuttings at low pumping rates (15 l/min). The rate of penetra-
tion of the bit was maintained at around 20 mm per minute
with a vertical pressure of up to 200 kPa on the drilling tool.
Up to 0.20 kN-m of torque was applied.
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1m 1m
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Hand auger hole MDS hole 
Fig. 6. Site plan of a group of test points.
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Fig. 9. Displacement of borehole walls from vertical drilled by MDS, RR
and HA.
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samplers from each borehole for soil classiﬁcation. The soils
were classiﬁed according to the Uniﬁed Soil Classiﬁcation
System. Fig. 7 represents stratigraphy at the test site.
5. Inclinometer survey of boreholes
To assess the verticality of the boreholes, an Inclinometer
was used to measure the deviation of the boreholes from the
vertical. Biaxial inclinometer probe with biaxial sensors A and
B (Sinco-1000 Slope Indicator Company Seattle Washington)
was used as shown in Fig. 8. The depth intervals were already
marked on the cable. As shown in Fig. 8, the two sets of
wheels are attached to the inclinometer. One accelerometer
provided the measure of the tilt of the inclinometer or theborehole in the plane of the wheels, assigned as the reading
“A”. The second accelerometer provides the tilt readings in the
direction perpendicular to the plane of the wheels, assigned as
the reading “B”. From the tilt angles, the deviation of the
borehole was calculated as
Deviation of Borehole from vertical¼ L sin ϕ
where ϕ¼Angle of tilt measured by inclinometer. L¼
Measured interval.
The measured interval was considered equal to the distance
between the wheels of the probe for calculating the lateral
displacement.
A comparison of the tilt measured by the inclinometer of
boreholes drilled by the MDS, RR and HA is shown Fig. 9.
The inclinometer survey of the boreholes shows that the
boreholes drilled by the MDS remain nearly vertical compared
to the boreholes drilled with the RR and HA. Furthermore,
with the MDS, the deviation of the borehole walls from the
vertical also remains within the allowable pocket sizes for the
prebored pressuremeter (Cambridge Insitu Ltd., 2013).6. Measurement of diameter of boreholes
The diameter of the boreholes was measured at 0.5 m depth
intervals in each borehole by the pressuremeter probe. The
strain at which the membrane touches the walls of the borehole
was measured. This strain was used to calculate the expansion
of the membrane in millimeters. The expansion of the
membrane up to the point it touched the walls of the borehole
was added to the outer diameter of the probe to ﬁnd the
diameter of the borehole. The diameter values of boreholes
drilled by MDS, RR and HA are shown in Fig. 10.
A comparison of the diameter of the boreholes at different
depths shows that the diameter of the borehole drilled by MDS
remained almost constant, while diameter control was the
poorest when using the HA technique. The accuracy of the
Z. Masoud et al. / Soils and Foundations 53 (2013) 903–909 907diameter by the RR lies between that achieved by the MDS
and HA.6.1. Comparison of drilling techniques
The three drilling techniques were compared from technical
and ﬁnancial aspects, as indicated in Table 1. The cost was
estimated at the prevailing rates in Pakistan.
It is evident from Table 1 that cost of the MDS manufactur-
ing and drilling is much less than that of the drilling rig,
whereas the quality of borehole in terms of regular diameter,
smoothness and verticality is much better that that by RR. The
smoothness of the borehole walls was difﬁcult to achieve with
the hand auger because of the lack of control for vertical
drilling. The drilling rig cannot provide a smooth surface of the
borehole walls because of the vibration of the drilling bit
and rods.Electronics 
box 
Pressure regulating 
system7. Pressuremeter testing
Stress controlled pressuremeter testing was conducted by a
prebored pressuremeter of 305 mm length and 48.2 mm
diameter probe (Fig. 11). The PMT apparatus, calibrations
and testing details can be seen in Akbar (2001), Rehman
(2010), Rehman et al. (2011). The pressuremeter testing was
carried out at every 1 m interval in each borehole.0
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Fig. 10. Typical proﬁle of diameter of boreholes drilled by MDS, RR and HA.
Table 1
Comparison of different modes of drilling in soil.
Item Hand auger
Cost of fabrication, $ 100
Weight 10 kg
Transportation mode small vehicle
Transportation cost 0.5$/km
Setting time at site 1 h
Time for quality drilling 1.5 m/h
Labor cost for drilling 1.5 $/m
Total cost for drilling 1.5 $/m
Lateral movement/vibration Lateral movement
Inclination Yes
Type of sample Disturbed
Constant diameter Difﬁcult
Smoothness of borehole wall Very difﬁcultReadings of pressure and cavity strain were taken at 1 s
interval by a Pico data logger so that modulus at small strain
could be obtained. Pressuremeter tests were conducted within
15 min after the completion of drilling from each method.
Fig. 12 shows a typical test curve obtained in borehole
drilled by the MDS at 4 m depth for the elaboration of three
phases of a good quality prebored pressuremeter curve. Phase-I
shows that the probe attains the diameter of the borehole and
then the walls of the borehole are stressed whereas phases II
and III show the pseudo-elastic (micro plastic) and plastic
deformations respectively. The shape of the curve indicates a
good quality pressuremeter curve, which is possible in a
precisely drilled borehole.
Limit pressure deﬁned as “the maximum pressure reached
during a pressuremeter test at which the cavity will continue to
expand indeﬁnitely” is a very useful parameter to estimate the
strength and stiffness of soils. In reality, the indeﬁnite
expansion of membrane is not possible because the expansion
measurement is restricted. However, its value can be estimated
by extrapolating the pressuremeter curve to inﬁnity. It is
evident from the pressuremeter curves of MDS boreholes that
the stress starts from about 1.5–2.5% strain and unloading
starts at about 41.5% strain. Hence, a net strain range ofRotary rig MDS
6000 400
1500 kg 80 kg
Truck small vehicle
5$/km 1$/km
8 h 1 h
2 m/hr 1 m/h
2.5$/m 1$/m
5.5$/m (i/c cost of fuel) 1$/m
Vibration No Lateral movement/No vibration
No No
Undisturbed/Disturbed Disturbed
Easy Very easy
Difﬁcult Very easy
Pipe for cable and gas 
pressure Prebored 
pressuremeter 
Fig. 11. Prebored Pressuremeter (Rehman, 2010)
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Z. Masoud et al. / Soils and Foundations 53 (2013) 903–909908approximately 40% is available and a number of loops can be
formed in this strain range for further analysis. Furthermore, a
cavity expansion to 41.5% is closer to the yielding of the soils,
hence pressuremeter curves in MDS boreholes can be analyzed
to estimate the limit pressure.
Figs. 13 and 14 show a comparison of the PMT curves
obtained in boreholes drilled by hand auger, rotary rig and
MDS. In Fig. 13, the pressuremeter test curves show that stress
starts increasing at about 2.5–4% cavity strain in the case of
MDS and RR holes and at about 7% cavity strain in hand
auger holes (HA). The strain at the start of the RR and MDS
curves indicates that the precision of the MDS is comparable to
that of the RR with regard to the constant diameter of the
borehole. However, the more distinct curvature of the PMT
test curve for MDS, showing three clear phases suggests that
the MDS curves are more accurate than the RR curves. The
RR and MDS curves from the start to about 40% cavity strain
show phases I, II and III clearly, which is the characteristic of a
good quality borehole (Tarnawsky, 2004).The slow increase in stress in HA curves depicts disturbance
of the borehole walls. (Baguelin et al., 1978). The pressure-
meter curves in boreholes with disturbed walls will provide an
underestimated pressuremeter modulus (Tarnawsky, 2004). In
an AH-2 m curve, the poor shapes of the unload-reload loops
due to disturbance by hand augering. The HA-2 m and HA-
3 m curves do not have a distinct phase I or phase II, indicating
low quality test curves.
In Fig. 14, the PMT tests performed in the MDS and RR
drilled boreholes show good resemblance, however, the PMT
curves obtained in the MDS boreholes show a clear trend
between cavity pressure and cavity strain especially in phases I
and II (Tarnawski, 2004). The HA-6 m and HA-8 m curves
indicate that most of the strain range was lost due to the large
diameter of the boreholes and the strain range was insufﬁcient
for unload-reload loops. In the HA curves, the increase of
stress in phase I is not gradual and there is a distinct increase in
the stress/strain gradient. This distinct stress/strain gradient is
evidence of the undisturbed walls of the borehole (Baguelin
et al., 1978).8. Conclusions(1) The developed mechanical drilling system is simple to use
by three persons and cost effective. It is vibration free,
light weight, portable, easy to shift from one point to
another in the ﬁeld.(2) The mechanical drilling system can be used to drill
constant diameter vertical boreholes with conﬁdence in
clayey and silty soils to obtain good quality PMT curves.(3) The smooth surface of the borehole wall achieved allows
the membrane of the pressuremeter to expand uniformly in
a cylindrical shape and avoids burst of probe membrane.(4) The good shape of the pressure-cavity curve with a 40%
strain range achieved by the use of mechanical drilling
system was similar to that of the Rotary Rig. and indicates
that the MDS system is a reliable technique for obtaining
accurate strength and stiffness characteristics of soils.
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